ZnO-SiO 2 nanocomposite thin films were prepared using the target-attached RF sputtering method without substrate heating. The PL measurements showed that the SiO 2 films containing uniformly dispersed ZnO nanoparticles emit white light consisting of violet, blue, and green-yellow band emissions. The presence of the blue emission is attributed to the large number of ZnO/SiO 2 interfaces, which enlarges the depletion layer width and then enhances the related transition. The Gaussian curve fitting of PL spectra revealed that the competition between the blue and green-yellow band emissions and the relative emission intensity is strongly associated with the number of ZnO nanoparticles embedded in the SiO 2 matrix. XPS analysis revealed that the main component of the oxygen defect species in the ZnO nanocomposite thin films is 'O − ' ions (531.1-531.7 eV) at the subsurface. Within the knowledge of the defect configuration, XPS data were also utilized to estimate the oxygen vacancies and the specific carrier concentration in ZnO nanoparticles and relate to the integrated intensities of emission bands. Further analyses indicated that the defect structure of samples could be manipulated by the number and distribution of ZnO nanoparticles in SiO 2 matrix to yield a distinct luminescence spectrum.
Introduction
Zinc oxide (ZnO) is a wide-bandgap semiconductor (E g = 3.25-3.5 eV) with many desirable physical properties. In addition to emission in the UV region, ZnO also emits a broad luminescence emission in the green-yellow region. Its large exciton binding energy (59 meV) gives rise to high efficiency exciton emission at room temperature. These properties render it a potential material for blue-or white-light emitting devices [1] . Many studies reported that nano-sized ZnO exhibits a unique luminescence property different from that of the bulk ZnO [2] [3] [4] . Because nanoparticles possess an enormous surface-to-volume ratio, the interaction between ZnO nanoparticles and surrounding materials can strongly affect the emission spectrum and thus offers an effective means to engineer its optoelectronic properties. Therefore, ZnO-based nanocomposites have attracted much attention in recent years. Several methods such as sol-gel [5] , molecular capping [6] , and impregnation [7] have been employed to disperse ZnO nanoparticles in silica or polymeric matrices. In this work, white-light emitting ZnO-SiO 2 nanocomposite thin films are prepared using the target-attached RF co-sputtering without substrate heating. The emission property and the microstructure of the samples so obtained are presented.
Experimental details
High purity ZnO chips were placed on a 3 quartz target during RF sputtering to fabricate ZnO-SiO 2 nanocomposite thin films. The number of chips was adjusted to control the ZnO content. Sputtering proceeded with 100 W RF power at 5 mTorr Ar pressure and the base pressure of the growth chamber is a few times 10 −7 Torr. Si wafers are used as substrates and all the deposited layers are approximately 140 nm thick. It is noteworthy that no substrate heating upon deposition or post-growth annealing was carried out. The microstructure of the samples was characterized by x-ray diffraction (XRD, MacScience M18XHF-SRA, with λ = 0.154 nm) and transmission electron microscopy (TEM, Philips TECNAI 20) . The composition was examined by xray photoemission spectroscopy (XPS) with a Mg Kα source (American Physical Electronics ESCA PHI 1600). The PL spectra were measured at room temperature using a 325 nm He-Cd laser.
Results and discussion

Composition and microstructure of the ZnO-Si O 2 nanocomposites
XPS was performed to characterize the composition of the samples. No peak associated with metallic Zn and bulk Si was identified and both Zn and Si were in the oxidized states. Therefore, we define the ZnO content as the atomic ratio of Zn to the sum of Zn and Si, i.e. Zn/(Zn + Si). Obtained ZnO content, as listed in table 1, exhibits a monotonic increase with increasing chip-to-target ratio. Figure 1 displays the TEM micrographs of the ZnO-SiO 2 nanocomposite samples. It can be readily seen that ZnO forms nanoparticles of diameter 3-6 nm embedded in the amorphous SiO 2 matrix. With increasing chip-to-target ratio, from samples a to h, number density of the ZnO nanoparticles increases. For samples g and h, the overlapping and coalescence of nanoparticles becomes severe, while the well resolved lattice planes in high magnification images indicates the good crystallinity of the ZnO nanoparticles. The crystal structure of the ZnO nano-crystallites was examined by XRD in grazing incidence geometry and is confirmed to be wurtzite. The average size of the nanoparticles estimated from the width of the (110) diffraction peak following the Scherrer equation is 4.5 ± 0.5 nm, in good agreement with the TEM observation. We further analysed the size distribution of the nanoparticles from the TEM images. For each micrograph, the diameters of over 50 nanoparticles were measured and their size distribution was modelled by a Gaussian function. The average diameter and full width at half maximum (FWHM) of size distribution are depicted by the filled squares and error bars in figure 9 function of ZnO content. In spite of the large dispersion in size, the average particle diameter does show a trend of slight growth with increasing ZnO content up to ∼26 at.%. For the samples of the highest ZnO contents, i.e. g and h, the observed coalescence of the particles makes visual differentiation of one particle from the other rather difficult and leads to a large uncertainty in size determination. Moreover, in some regions the lattice planes of the neighbouring particles looks aligned with each other, indicative of the formation of aggregates of ZnO nanoparticles at high ZnO contents. Figure 2 illustrates the PL spectra of the ZnO-SiO 2 films together with three photographs, displayed on the right panel, showing the colour of emitted lights out of three samples of different ZnO content. White-light emission was observed for samples with low ZnO content (samples a-d). As the ZnO content increases, the emitted light gradually becomes yellow and the profile of the emission spectra changes as well. The spectra are analysed by Gaussian curve fitting as shown in figure 3 and the obtained fitting parameters are summarized in table 2. The fitting results revealed that the spectra consist of three bands located in violet, blue, and green-yellow regions, respectively. For samples with the low ZnO content, the spectra have the luminescence intensity maxima in the blue band region. However, the spectra of samples with high ZnO content, samples g and h, exhibit a nearly symmetric broad band dominated by the yellow emission. It should be noticed that, as the ZnO content increases, the intensity of the greenyellow band grows enormously with the diminishing of the blue band. O transition and the green-yellow emission. Figure 5 plots the peak intensity ratio of the blue emission to green-yellow emission versus the ZnO at.%. Hence, the blue emission cannot come from the blue shift of the greenyellow band due to the quantum confinement effect; its origin should be different from that of the green-yellow emission and most probably related to the microstructure. One reason for this argument is that the blue emission is frequently observed in the composite systems [5, 11, 12, [14] [15] [16] but less seen in pure ZnO thin films or powders with grains of µm or even only 100 nm [2, 9, 13] . These observations indicate that the blue emission is strongly related to the heterogeneous boundaries, not ZnO/ZnO interfaces. The other reason is that the special feature of the band bending occurred in ZnO grains gives rise to the thought of correlating the blue emission with the depletion region. The band bending at particle surfaces creates an electron depletion region of width W which is inversely proportional to the intensity of the greenyellow emission [2, 9] . According to this, we infer that sample a possesses the maximum W while sample h possesses the minimum W . However, the relative intensity of blue emission to green-yellow emission has a maximum in sample a and a minimum in sample h, which evidences that the blue emission originates from the depletion region. The defect level responsible for the blue emission can thus be assigned to V Zn , which is about 0.7 eV above the valence band and exists only in the depletion region [9, 10] .
Photoluminescence and the Gaussian fittings
Emission mechanisms
Previous studies attributed violet emission to the donoracceptor pair with the longitudinal optical (LO-) phonon replicas [1, 3, 9, [17] [18] [19] . However, with the data available, we are not certain about the mechanism responsible for the violet emission (∼405 nm, 3.06 eV) and will not discuss it further here.
XPS analysis
To obtain the chemical states of different elements within the samples, we performed detailed analysis on XPS spectra. Dupin et al proposed that, there exist various oxygen ionizations associated with the weakly adsorbed species in many oxide systems and they could be resolved by analysing the profile of O 1s XPS spectra [21] . The O 1s peaks of the XPS curves were decomposed using the curve fitting program XPSPEAK 4.1 with a combination of Gaussian (80%) and Lorentzian (20%) distributions. Figure 7 illustrates the curve fitting result of sample h. The fitted results of XPS data are listed in table 1. From the curve fittings, we observed excess 'O − ' ions existing in all samples generated during the sputtering as reported by Chen et al [22] , which consists of the luminescences promoted by an O i /O irich environment. The XPS data were further utilized for the calculations of carrier concentration and depletion width presented below.
Specific carrier concentration and the depletion width
The relative amount of O lattice could be calculated from the integrated area of the corresponding peak relative to the total integrated area of the O 1s peak. Together with the atomic percentage given by XPS data, the atomic ratio of O lattice − ' species, which may lead to an overestimate of the specific carrier density since 'O − ' ions may grab electrons and reduce the free carriers inside the ZnO nanoparticles. However, the error of the overestimation should be less than one order because O i is not the dominating defect species in the lattice in general.
The depletion width W of nanoparticles is then calculated according to the equation W = √ 2ε ZnO V bi /eN d , where V bi stands for the potential at the boundary, e is the electron Table 3 . The estimated atomic ratio of lattice O to Zn, the specific carrier concentration N d , the depletion width W , and the specific volume ratio V depletion /V bulk . As mentioned earlier, we attributed the origin of the blue and green-yellow emissions to the depletion and the bulk regions, respectively. Therefore, the specific volume ratio of depletion to bulk regions of ZnO nanoparticles should be proportional to the ratio of total carrier number bound to the corresponding emissions, which is equivalent to the ratio of the integrated intensity of the blue band to the green-yellow band in PL spectra. Figure 8 plots the estimated specific volume ratio of the depletion region to the bulk and the calculated carrier number ratio with respect to the ZnO at.%. The two curves follow each other very well; the consistency supports the models of the green-yellow and blue emission mechanisms proposed above. The discrepancy observed in samples g and h may result from the PL curve fittings, in which the blue band almost submerges in the tail of the dominant green-yellow band. Under this circumstance, the huge intensity difference may introduce significant uncertainty in determining the peak in the bulk and depletion regions, respectively, has not been clarified. Therefore, an additional cause of the discrepancy is that [V Zn ] may decrease dramatically when the depletion width is extremely small. The probability of the carrier recombination in the depletion region may also be reduced as well and cause the abrupt decay of the blue emission.
Quantum confinement effect on luminescences
We plot the peak wavelength of the three visible emission bands in PL spectra and the ZnO particle size distribution as a function of ZnO content in figure 9 . We found that all the emission bands shift to lower energy (about 0.15-0.3 eV) as ZnO content increases up to ∼26 at.%. Within the same range, the average particle size exhibits a slight growth with increasing ZnO content. This correlation suggests that the quantum confinement effect plays a role in governing the emission properties in these ZnO-SiO 2 nanocomposite films within low ZnO contents. Besides this, the separation distance between nanoparticles may also have some effect. Since ZnO nanoparticles are embedded in the SiO 2 matrix, a material with a huge bandgap, the separation distance may affect the effective potential barrier height and the coupling between the nanoparticles, and consequently the discrete energy levels [28] [29] [30] [31] . For the samples with ZnO content over ∼30 at.%, the shift of the emission band and change of particle size do not follow the same trend as in the low ZnO content region in figure 9 . This could be due to the large experimental uncertainty resulting from the very weak blue emission and coalescence of the nanoparticles mentioned earlier. In fact, the emission property of high ZnO content samples is very similar to that of bulk ZnO, which agrees with the observation of the formation of ZnO aggregates. Peak wavelength (nm) Figure 9 . The variation of the particle size and the peak wavelength of each emission band with ZnO at.%.
Conclusions
In conclusion, the ZnO-SiO 2 nanocomposite thin films exhibiting white-light emission consisting of the violet, blue, and green-yellow band emissions have been prepared using the target-attached RF sputtering method without substrate heating. The Gaussian curve fitting and defect structure analysis revealed that blue emission results from the transition of electrons at CB to trap level V Zn , and, the transition of electrons at CB to trap level V
••
O is responsible for the greenyellow band emission. The violet emission might be attributed to the donor-acceptor-pair with the longitudinal optical (LO)-phonon replicas. The change of relative intensity between the green-yellow and blue emissions is attributed to the variation of the depletion layer width and the free carrier concentration. This work not only demonstrates a novel method to prepare white-light emission ZnO-SiO 2 thin films, but also suggests that the defect structure and transition mechanisms of samples could be modified by the number and the distribution of ZnO nanoparticles in the SiO 2 matrix to yield the distinct luminescence property.
